Abstract: Atomic force microscopy has developed from an atomic level imaging technique to a large family of nanoscientific research setups called scanning probe microscopy. Following this trend, we also need to develop our education from instructions to use the instrument for imaging into an approach of deeper understanding of the science behind the technologies. In this article, we describe our new university level scanning probe microscopy laboratory unit to learn the main scientific principles and applications of the instruments. Three inquiries using toy models were designed to cover the core ideas of scanning probe microscopy. Learning outcomes were analyzed and categorized into levels from the research reports of nine students. We found that practically every student learned atomic force imaging basics: scanning and essential properties of the topography image. Onethird of the students showed good understanding in image artifacts and probe calibration, but just one of the students reached the level beyond the topography images to scanning force micro scopy and combined force and topography techniques in his report. Also, the connection between scanning probe techniques and human senses was considered an important objective in design of this laboratory unit, although with modest success in learning so far.
Introduction
After its invention, atomic force microscopy (AFM) [1] , and the techniques related to it called scanning probe micro scopy (SPM) [2] , have become basic instrumentation in the interdisciplinary research of nanoscience. They are in use worldwide and are on par with particle accelerators in terms of Google hits, although less taught of in schools, and thus less well known about by the public. The commercial production of atomic force microscopes began in 1989 [3] and soon enough, like many, the Physics Department at the University of Jyv ä skyl ä purchased their first AFM with Topometrix Discoverer stage ( http://elchem. kaist.ac.kr/jhkwak/topometrixweb/discover.htm ) in 1995. Back then, the instruments were typically used for high-resolution imaging of nano-samples; in our case, documentation and quality control of single electron transistors and other electric components fabricated by topdown lithography in our sample fabrication laboratory. The scanned topography images were used for quality control and documentation purposes. A laboratory course was set up to target these skills. The content of the course was straightforward: how to set up the instrument, load the samples, scan images, and analyze them by the software. An inclusion of the scientific principles behind the technology came into the course little by little. Soon, this turned out to be too little. As knowledge of nanoscience has increased in depth and scope, the varied research groups expect students to adjust quickly to using more sophisticated SPM techniques relevant to their field. AFM instruments have turned from pure imaging devices to more and more like research facilities with ever-increasing variation in signals sensed and combined with numerous modes of operation. Simultaneously, the instruments have become extremely user friendly. Instead of putting efforts to mastering the technical procedures to set a microscope up, researchers need to learn to modify them to probe different kinds of samples, to utilize various signals, and also to understand and interpret the errors and limitations of the acquired data.
This led us to systematically develop the existing laboratory course. Because the SPM techniques applied even within our university range far and the detailed use of each method would take months, we decided to focus on the following core ideas of SPM.
Core ideas of scanning probe microscopy
AFM is an imaging technique where a sharp probe attached onto a flexible cantilever is scanned over the sample. At each lateral position ( x and y ) the atomic interaction between the probe and the sample deflects the cantilever and the topography ( z ) is magnified geometrically using a laser beam reflected on the cantilever to a photo detector. This is called the static (contact) mode AFM. In dynamic mode, sometimes referred to as " tapping mode " , the cantilever is attached on a mechanical oscillator and the photo detector acquires a shift in the resonant frequency of the oscillating cantilever due to interatomic forces. In both these scanning modes, the actual shift of the laser beam on the photo detector depends on the geometry of the device and the properties of the cantilever sensor and needs to be calibrated for the distance between the probe and the sample. Further, as the scanners are typically nonlinear piezoelectric actuators and the probes can neither be infinite in aspect ratio nor sharpness, the topography image suffers from artifacts and is fundamentally different from the actual landscape. In addition to topography imaging, AFM scanners can be used to acquire a variety of other signals such as temperature, capacitance, and magnetic force. In these cases, microscopy is usually referred to as SPM. An AFM scanner can also be equipped with tools to manipulate sample surfaces with extremely high accuracy.
Learning objectives for laboratory unit
The main objectives of our AFM learning unit were inspired by the abovementioned skills: 1. Understanding the AFM basic principle: the function of the lateral ( x-y ) scanner, the vertical ( z ) direction probe, and the nature and artifacts of images formed from this three-dimensional (3D) data. 2. Knowing the difference between the static and dynamic modes of AFM. 3. Applying the idea of the vertical feedback loop and being able to use signals of different quantities as feedback to this loop to make a family of different SPM techniques. 4. Mastering SPM related experimental techniques to probe and sense and manipulate samples in nanoscale.
5. Understanding the limitations of and the differences between an SPM scan and the observations done by our biological senses.
The nano-machining part of objective 4 and the feedback technique, in detail, in objective 3 were left out straight away from the inquiry part of this course due to the limited time and material resources. However, we have some ideas to develop new toy models to inquire these methods as well.
In addressing objective 5, we want our students to consider the biological, chemical, and physical principles of human senses; SPM techniques being highly demonstrative of these. The idea is in the crosstalk of observations made by human senses and scientific instruments. Traditional AFM topography imaging resembles optical imaging, but is fundamentally different. Although optical images are two-dimensional (2D) with diffraction-limited resolution, the topography data of an AFM scan are 3D with a resolution limited by the properties of the x -y scanner, probe, and scanning dynamics. Students are used to considering microscopy images as magnified representations of the sample, and they may not always see the differences between optical images and AFM scans. Other SPM techniques are reminiscent of the rest of our senses. Oscillating cantilevers with amplitude or frequency feedback loops can be used in acoustic measurements [4] . Coating them with lock material to dock sample key molecules only [5] makes them chemical sensors, that is, tongues or noses when applied in liquid or gas environments, respectively. Scanning force microscopy [6] , scanning thermal microscopy [7] , and nanoindentation [8, 9] are examples of microscopic touch. In addition to these sense enhancements, SPM techniques beyond the phenomena that are observable by human senses have been developed. Magnetic force microscopy [10] is a good example.
Description of the laboratory unit
We chose inquiry-based learning as the main method for students to learn the ideas of SPM and human senses described above [11] . However, providing inquiry opportunities with commercial SPM equipment is difficult to accomplish; many times, it is not even possible, as the microscopes are such expensive and fragile instruments, laboratory time is costly, and strictly controlled these days. We have solved this problem by developing SPM inquiries implemented by AFM toy models instead of the real instrument. Three cost-effective inquiries were designed to cover both static and dynamic scanning modes and teach the difference between an AFM image and a real object, as well as exemplify the possibilities to use AFM also for other purposes than imaging, even without a scanner. An orientating lecture of SPM basics was given prior to the inquiries. This was to introduce the main scientific principles the students are to study. The toy models were then used as macroscopic hands-on tools to develop students ' mental models in nanoscale science.
To enhance learning, an instructor was also present all the time for students ' questions during measurements. This has proved to be more effective and efficient than minimally guided approaches [12] . The students ' workload for this university SPM laboratory unit is 2 ECTS (European Credits Transmission System) credits: 54 h of student work. We divided that according to Table 1 into a 3-h orientating lecture, 1 h for feedback discussion, and the remaining 50 h for the three inquiries including experiments and their analyses, reading related scientific articles, and writing a scientific report. The experiments were carried out in groups of one to three students.
After the orientating lecture, we kicked off the inquiry part by asking students to consider the similarities and differences between human senses and scientific instruments: -Scientific research is based on observations by senses or instruments. What kind of observations can you make with your senses ? Can you observe the same phenomena by different senses ? Explain.
-Optical microscopy is based on amplifying our vision by mirrors and lenses. Atomic force microscopy is based on force measurement. By which senses can you observe forces ? Explain.
The student instructions for the three inquiries can be read in English by accessing http://www.nanokoulu.net. The inquiries are independent of each other and can be carried out in any order. Thus, three groups of students can be instructed simultaneously by a single set of equipment. However, the number of the laboratory equipment setups is not a problem, as only the oscillating balance experiment requires anything but the most basic laboratory equipment.
Wooden AFM toy model
The wooden AFM toy model inquiry has been described previously [13] . It was designed to address the first part of the learning objectives described above. It is a macroscopic relief sample hidden in a wooden box equipped with a small hole to probe the sample and mechanical handles to laterally move the sample inside the box. The sample surface profile is probed through the hole using a selection of probes of different geometry and materials: needles, spheres, and cones of steel, Styrofoam, silicone, etc. A student is to attach a probe of her choice (according to her research area; biologists can expect to have soft and jelly-like samples, whereas semiconductor scientists probably study hard silicon substrates with small details, for example) in the arm of a resistive position transmitter. The data that can be obtained in the inquiry are the calibration curve for the position sensor and 3D information for topography images of the relief sample ( Figure 1 ). This model has been developed to help students to pay attention to and discuss the difference between optical microscopy and topography AFM; the lateral artifacts due to the nonlinearities and the finite resolution of the scanner and the vertical artifacts due to the probe geometry on the AFM image.
Oscillating beam balance
The inquiry of an oscillating beam balance demonstrates the dynamic mode SPM and studies principles of chemical sensors: artificial noses and tongues. In SPM these are realized combining chemical selection of molecules by key-lock interactions [5] and detection of them by oscillating beam balance [4] . In practice, a beam is coated by a material onto which only desired molecules can attach. The attachment is detected from the shift in the resonant frequency due to the reformed mass of the forced oscillator. In the toy model, the key-lock principle is demonstrated by the interactions between attaching ends of Velcro pieces and/or magnets. In this laboratory unit, the toy model of oscillating beam balance was used just to inquire the principle of dynamic mode of SPM. It consists of a mechanical vibration generator, a set of six stainless steel (alloy) beams of different lengths from 7.5 cm to 18 cm and a frequency counter. A detailed description of the setup can be read in [14] . The objectives of this inquiry are, in addition to understanding chemical sensing taking an advantage of key-lock docking, to understand the dynamic mode, SPM mode, and the resonant frequency 
Figure 1
Left: a digital photo of a wooden relief sample. Middle: an example plot of the wooden AFM toy model scan of this sample made by the authors using a sharp needle probe. Right: a plot scanned by a student using a spring probe. Typical AFM image artifacts due to the lateral offset of the scanning area, twisting probe, and finite tip aspect ratio can be seen in this image.
of an oscillating cantilever. The quantities to be measured are the spring constant of the cantilever ( k oc , where subindex oc refers to oscillating cantilever, Figure 2 ) and an unknown mass of a given object attached on the cantilever using the shift in the resonant frequency.
AFM probe calibration
AFM probe calibration inquires the data conversion chain from the distance between an SPM sensor tip and a sample surface via the force acting on the cantilever sensor and its deflection to the shift of a laser spot on an SPM detector. The toy model is made of Lego blocks, Blu-Tack, laser pointer, magnet, a lead screw, and a slice of a CD disc (for the cantilever beam) and it is described in detail in [13] . The geometry of the laser, cantilever, and the screen setup can be calibrated by deflecting the beam by a lead screw by an amount z from rest position and measuring the shift of the laser spot, reflected from the cantilever beam surface, on the screen ( Z ). The setup is schematically presented in Figure 3 A. Next, the spring constant ( k sc , where sc refers to static cantilever) of the cantilever can be determined using Hooke ' s law: one can measure Z as a function of gravitational force ( G ) due to added weighted pieces of Blu-Tack (mass = m , G = mg , where g is the gravity constant) on the sensor tip ( Figure 3B ) and making the conversion from Z to z according to the first measurement. Measured curves for the geometry of a setup and for the geometry and material of a cantilever are presented in Figure 4 . Summing the two linear dependences gives a spring constant of 57 N/m for the cantilever used (length 50 mm, width 8 mm, and thickness 1.2 mm) and the elastic modulus of 2.1 GPa for the CD disc material, which is mainly polycarbonate.
Finally, a ferromagnetic lead screw can be moved below the magnetic tip of the beam and Z can be measured as a function of the distance of the lead screw from the magnetic tip ( s ). The setup is schematically presented in Figure 3C . Conversions from Z to z according to the first measurement and from z to force according to the second measurement give the magnetic force ( F m ) as a function of the distance between the tip and the screw ( s -Δ z) in Figure 5 . The objectives of this inquiry include the understanding of the SPM z -axis feedback loop, magnetic SPM, force SPM, and the nonlinearities of the instrument and senses. The gained knowledge may be conversions, linear or nonlinear, between the force (magnetic or gravitation), sample to tip distance, and laser spot shift in any combination and direction in an SPM system.
Methods and data collection
The first time this course was systematically built around these inquiries was in Spring 2012. Parts of the inquiries introduced above have been used as parts of the AFM learning sequence, but this year saw the first complete implementation of these inquiries.
Our research is qualitative in nature. We wanted to gain information of the difficulty of the core ideas as they appear to the students. Among the core ideas, we are particularly interested in the vast qualitative difference between the images produced by SPM methods and optical images. After this calibration, the system is ready to be used to measure masses of objects attached to the cantilever. Thus, we ask: -After working with the inquiries, which core skills of SPM are students most comfortable with (e.g., use in their reports) ? -Which skills are particularly difficult for the students or often misunderstood ? -Which differences do students mention between the images produced by SPM methods and optical, magnified images of the sample ?
The students in the course were given an option to take a traditional version of the course or the new, inquiry-based tasks. The orientation lecture was the same for both groups, but the traditional group ' s task was to make a measurement with a commercial AFM device and analyze the images in detail. This option was chosen by the two students who had previous working experience with AFM. Our test group consisted of nine physics students who chose the inquiry course -they may have been more interested in conceptual learning to begin with, but otherwise the groups were similar. All students were native Finnish speakers in their 3rd or 4th year of University studies. In the test group, two students were female and seven were male.
To analyze the data, we have coded the students ' laboratory reports according to the categories of core skills (closed coding). From the distribution of the codes and their apparent grouping, we interpret the emerging categories as students ' skillsets.
Data collection
The data collected in the study included the written research reports that students produced after working The measured linear dependence is in discrepancy with the inverse fourth order dependence obtained for two identical bar magnets [15] . with the inquiries in class. The students could choose between an individual report and a group report, but only three male students produced their report as a group. The students were given pseudonyms of letters A to I, and the one group working together were students E, F, and G. The student data in relation to the course objectives are presented in Table 2 . We are especially interested in students ' ideas about the differences between sensory information and the measurements and visualizations they make for their report; knowing the difficulties people have in interpreting, for example, SPM images [16] , we know these skills need to be honed. However, we would expect the physics students to pick up on the important distinctions easier than a layman. In the results, these are targeted under learning objective 5.
Coding
Within the core ideas, several areas could be and were coded separately. An example of the interpretation of a student ' s report text is given in the following translated excerpt from Student H: " The calibration curves for the Lego microscope are shown in Appendices 2 and 3. The force sensor has other applications besides the atomic force microscope. A special-made microscope was used to study the structure of polyethyleneglycol (PEG) in a water-like solution [4] . The thiol and butox group modified PEG molecules were adsorbed to a gold-coated platform ( … ). In the end, the polymer was stretched as much as to break it. The results showed that the suprastructure of PEG is environment-dependent. The height measurements presume that the probe tip is only one atom wide. In reality this is not so, and it affects the picture formed. Also the other atoms in the probe interact with the surface. If the sample has smaller details than the tip, the sample is scanning the tip in those spots. "
This excerpt refers to the student ' s work with calibration experiments and proceeds to show his idea of the force sensor application. We coded the text as " commenting the results in terms of the probe dimensions and scanner qualities " and " mentioning at least one SPM related experimental technique in their report " .
Within the codes, we marked whether the students showed a scientific understanding or applying of a concept or whether he or she was somehow mistaken. This allows us to track multiple cases: when students attempt to use an idea, when they succeed in using it, when they fail, and when they do not bring the matter up at all. This information is crucial in answering the research questions. In the excerpt before, the student ' s comments on the probe dimensions were coded as scientifically " correct " and the introduction of an SPM-related experimental technique was coded as " incorrect, incomplete or irrelevant " -although correct, it did not link to any ideas in the student ' s own work.
When all texts were worked through by the main author in this manner, we began working on finding related categories from the codes. We decided to call these emerging categories students ' skillsets.
The emerging skillsets were interpreted with the AFM core ideas in the background. Even though some of the skillsets could have been united according to the dataset -the very same group of students did attain, for example, both skills of plotting 3D data and understanding the oscillating beam balance -they were kept separate, when they consisted of qualitatively different skills in the core ideas. For example, core idea 1 focuses on the procedure of collecting and visually representing AFM data, and core idea 2 on a theoretical understanding of how the dynamic measuring mode works. Table 3 shows our first round of work with the codes and their grouping according to the core ideas, to be inspected alongside Table 2 . The final categorization of skillsets in Table 4 appears in the Results section.
Results
The final categorization of the students ' skillsets is shown in Table 4 . From Table 4 , it is easy to see which skillsets students were comfortable using and which they preferred to not use at all. Table 4 shows that all students in this group had understood the SPM modes of operation. All except one understood the principles of force detection and topography imaging. This is also what students may learn using the real instrument, but in this case we can be sure that Parts of the lecture refer to the orienting lecture chart in Table 1 .
they have really deep-learned the principles and not just used ready-made software to produce the images and especially the calibration in their reports. The exercises in calibration turned out to be particularly difficult for the students. Some had realized they had made a mistake or too few measurements in their measurement setup and commented upon it in the report, but had not attempted to make any corrections or new measurements. Some students did not even notice their mistakes.
The connection between the probe and the scanner properties and the produced topographic image went unmentioned by many students, even though it was directly asked for in the inquiry guide. The description, when given by students, spoke of partial understanding: Table 3 The codes in student reports corresponding to core ideas of SPM techniques. The student goes on to eloquently explain the effects of the hardness of the probe and the sampling frequency, but never once mentions the radius of the curvature of the tip of the probe itself. Obviously this is a complex idea, as there are many independent properties that affect the accuracy and precision of the obtained 3D image. Therefore, we are not surprised to see it among the more difficult skills to attain. The students were able to complete the measurements and state their results in different ways -text, figures, equations -but the deficiencies of the models used, predicting with the models, and the practical use of models were not present in most reports. Only student I could show connections between the toy model measurements and measurement setups in scientific sources. Although the majority of students did refer to scientific articles, they did not use them to illustrate their measurements, but to sample some principles or possibilities of SPM, which of course was also a correct use of those articles.
Students ' ideas about the differences between SPM-produced images and optical images
All students were eager to explain the human senses, especially vision and touch, but also others were mentioned. The accounts of sensory information were satisfactory, but comparisons with the SPM techniques were narrow. All students expressed the main difference between an optical and an AFM image as the third dimension in the data -as explained in the lecture. However, only two of them argued the trade-offs, for example, the resolution of the 3D image. The resolution or sensitivity of human vision was not once mentioned in the reports. Some students mentioned possibilities of combining sensory information, but failed to draw connections to relevant SPM techniques (e.g., production of thermographs).
An interesting account is written by student B:
" In AFM the phenomena are so small that they cannot be seen by eyesight. This is why it is good to consider what kind of observations can be made by human senses and whether the same phenomena can be observed by different senses. "
Student B expresses that scientific instruments like AFM are to enhance the range of observation beyond the human senses, but also that human senses supplement each other in sensitivity or resolution in many situations. This was the best comparison of the sensitivity or resolution of human senses and SPM.
Discussion
Despite having ample experience with laboratory work and reporting, the students ' work was poor when compared to traditional laboratory reports. It appears that the students had a hard time taking the toy model laboratory work as seriously as any other equipment. The graphs produced by students were of good quality, but the descriptions and conclusions were all lacking. Some much-needed changes became evident as we analyzed the data. The goals of the course need to be stated more explicitly to the students. The lecture would be the best place to draw connections between the experiments, Table 4 The skillsets and the students ' application of them in reports. the goals, and the commercial AFM techniques. The articles of sophisticated AFM experiments for students to read could be preselected for them. In the feedback, many students mentioned they would like to get the instructions beforehand to be able to plan their experiments at home with more time. This will be tried out next time.
The students in general seemed to like the approach and were surprised by the learning opportunities of the toy models. Many commented on how well the toy model behavior matched to the commercial AFMs.
In the future, we can also relieve our workload by spreading the learning unit over the course of students ' degrees. In Jyv ä skyl ä , students signing into nanoscience studies in the Bachelor phase are getting a 3-h laboratory session using one of these inquiries -already during their first year. This laboratory course piloted in 2012 is being continued each spring term.
To us, it is relevant to understand the difficulty students have with the content -especially seeing the connections between some of our senses and some of the SPM techniques. We wonder if these ideas are evident to experienced SPM users, or whether the overt exposure to teaching with AFM has made the first author originally take notice of these interesting and inspiring connections.
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